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1. SUMMARY

A superoleophobic surface has been achieved by modeling surface morphology and reducing
surface energy. A metastable (MS) Cassie—Baxter (CB) model, which describes the transition
from a CB surface to a Wenzel surface caused by the local minimization of surface free energy
due to air pockets inside the rough structure, has been used to account for the superoleophobic
effect. Under the guidance of Air Force Research Laboratory (AFRL), Natick Soldier Research,
Development, and Engineering Center (RD&EC), and UK Defense Science and Technology
Laboratory (Dstl), we have explored three different techniques to achieve superhydrophobicity
and superoleophobicity using a nylon—cotton woven fabric (NyCo) and hydroentangled nylon
(HN) nonwoven fabric (HNF): pulsed plasma polymerization of 1H,1H,2H,2H-perfluorodecyl
acrylate (PFACS8), microwave-assisted condensation of 1H,1H,2H,2H-
perfluorodecyltrimethoxysilane (FS), and FS condensation through wet processing. Fabric
materials prepared using these three techniques were superhydrophobic and superoleophobic as
shown by their very high contact angles for both water and oils. The measured contact angles
agree with the predicted values obtained through designing a CB surface.
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2. INTRODUCTION

Technologies related to superhydrophobic and superoleophobic treatments have recently
attracted considerable attention in the textile industry due to their potential applications in
medical devices as well as industrial materials. A surface whose water contact angle exceds150°
is called a superhydrophobic surface, and we define a surface with an oil contact angle larger
than 150° a superoleophobic surface. As the wettability of a solid surface is determined by two
parameters, the chemical composition and the geometrical structure of a rough surface, the
combination of these two factors is often used to design superhydrophobic and superoleophobic
textiles. More specifically researchers employ two predominant rough surface wetting models,
the Wenzel model and the CB model compared to the wetting behavior of a smooth surface, to
predict the requirements for imparting superhydrophobic and superoleophobic character to a
fabric. However, not all surfaces having high contact angles to liquids possess low roll-off
angles. Rather, roll-off angles are highly dependent on the mass and density of the droplet, the
surface tensions of both the liquid and the surface the droplet is sitting atop, and the geometrical
morphology and degree of roughness of that surface. Typically, unless a surface possesses a very
low surface tension that is approximately one forth the surface tension of the liquid, droplets of
less than 50 pL are not mobile when the surface is tilted.

First, the relationships amongst contact angles, surface tension and surface roughness are
reviewed; the wetting behavior of a rough surface is compared with that of a smooth surface; the
relationships between contact angle hysteresis and roll-off angles are analyzed, and finally a
superhydrophobic, superoleophobic woven fabric is designed and developed using chemical and
geometrical surface modifications. Later, we design and prepare superhydrophobic/superoleo-
phobic/anti-icing HNFs. Nylon is naturally hydrophilic, so it is essential that the surface be
treated with hydrophobic materials to offset the hydrophilicity of nylon. The -NH, end groups
present in nylon facilitate dyeing and finishing of the nonwoven fabric. We report on three
chemical modification techniques as approaches for making superoleophobic HNFs: (a) PFACS,
(b) microwave-assisted grafting of FS nanoparticles, and (c) FS grafting via wet processing.
Attaching these fluorochemicals to surfaces should reduce the surface energy of the fabric and
will potentially generate superhydrophobic and superoleophobic materials. Finally, we determine
the anti-icing property of superhydrophobic/superoleophobic surfaces. The anti-icing behavior
depends on the surface morphology as well as the surface tension of the substrate. This implies
that both the chemistry and the morphology of the anti-icing coating material is important;
therefore, the relationship between the anti-icing property and the morphology of a
superhydrophobic surface should be studied further. Preliminary results indicate that protective
gear that is superhydrophobic could provide substantial reduction in the logistics associated with
de-icing.

2
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3. METHODS, ASSUMPTIONS, AND PROCEDURES
3.1. Materials

Nylon 6,6 film (M,: 12 kDa, Dupont Canada), NyCo, and HNF (Nonwoven Institute, NCSU)
were used as the smooth and rough surfaces, respectively. FS (CgF17CH,CH,Si(OCH?3)3, Gelest),
PFACS8 (CgF17CH,CH,OCOCH=CH,, Fluorochem, Derbyshire, UK), tetramethyl orthosilicate
(TMQS, Si(OCHjs),, Aldrich), ammonium hydroxide (NH4OH, Mallinckrodt Chemical, Raleigh,
NC, USA), methanol (CH3OH, Aldrich), isopropyl alcohol (C3H7OH, Fisher), poly(acrylic acid),
((PAA), (C3H40,)n , Aldrich), ethylene diamine (EDA) H,NCH,CH,NH,, Aldrich), 4-(4, 6-
dimethoxy-1, 3, 5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, Aldrich), and
hydrogen chloride (HCI, Aldrich) were used without further purification. Distilled water (NCSU)
and dodecane (C12Hz6, Aldrich) were used for contact angle measurements.

3.2.  Pulse Plasma Polymerization of PFACS8

The grafting of PFAC8 onto nylon 6,6 film and onto a 100 g/m? nylon nonwoven substrate was
carried out in a cylindrical, inductively-coupled plasma reactor (10 cm diameter and 2700 cm®
volume) housed in a heated Perspex® chamber. Internal pressure was measured using a thermo-
couple pressure gauge. Prior to each experiment, the reactor was cleaned with an air plasma run
at 50 W for at least 30 min. The system was pumped back down to base pressure (typically lower
than 1x102 mbar) before being raised to 1 atm to allow insertion of the sample (approximately
12 cm x 20 cm). The sample was placed on a glass shelf situated within the length of the external
radio frequency (RF) coil (10 turns, center tapped, outside diameter 12 cm). An L-C matching
unit was used to minimize the standing wave ratio of the transmitted power between the 13.56-
MHz RF generator and the electrical discharge. An RF probe and oscilloscope were used to
monitor the RF pulse width produced by a pulse generator. PFAC8 (2 mL) was placed in a
monomer tube attached to the air inlet side of the reactor and purified by freeze—thaw cycling
prior to use. All connections were grease free.

While the reactor was pumping down, heaters were turned on and the whole reactor (including
the monomer tube) was heated to 34 °C. Once base pressure had been reached, the monomer was
bled into the reactor through a Young’s tap to a pressure of approximately 1x10™* mbar, and
maintained at this pressure. The monomer vapor was allowed to purge through the reactor for

2 min before the plasma was ignited. Once ignited the plasma was run as a continuous wave
plasma (30 W) for 30 sec to deposit a priming layer to improve adhesion. After 30 sec, the pulse
generator was switched on and a pulsed plasma polymer deposition carried out for 20 min using
a stable pulse envelope as indicated by the oscilloscope.

A typical pulse sequence used was 40 us on 20 ms off. After the plasma treatment, the monomer
vapor was allowed to purge through the reactor for an additional 2 min before the system was
isolated from the monomer vapor and pumped down to base pressure. Once base pressure was
reached, the plasma chamber was slowly raised to atmospheric pressure, and the samples were
removed.

3
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3.3.  Microwave-assisted Grafting of FS

In the microwave-assisted grafting, FS was partially condensed prior to treating a nylon
nonwoven fabric or NyCo woven fabric. A 1-mL portion of 1% aqueous ammonium hydroxide
solution was added to 9 mL of a 4% solution of FS in isopropyl alcohol. A 10-cm x 10-cm strip
of HNF or NyCo woven fabric was immersed in this solution and then padded to remove excess
liquid, yielding approximately 80% (w/w) wet pick-up and cured in a microwave oven
(Panasonic NN-SD967S) at 2.45 GHz, 1.25 kW for 30 sec. The FS-grafted fabrics were sonicated
in isopropyl alcohol for 10 min, rinsed with water for 30 min and air dried.

3.4. Grafting FS through Wet Processing

A 4 g/L aqueous solution of PAA was prepared with continuous stirring. A 20-cm < 20-cm piece

of nylon 6,6 film (Dupont Canada) and a 20-cm x 20-cm piece of HNF were immersed, padded,
and cured at 150 °C for 5 min to graft PAA onto them. The PAA-grafted fabric was then
immersed in a 4 g/L EDA aqueous solution for 24 hr with continuous shaking. After 24hr, 0.5 g
DMTMM in 10mL of methanol was added to the mixture and the reaction was allowed to pro-
ceed for 2hr. The fabric was washed with methanol for 8 hr. The EDA-g-PAA-g-nylon fabrics
were drawn and padded through dilute HCI solution (0.1 M) and dried at 100 °C for 2 min. The
fabrics were rinsed with tap water and dried at room temperature.

Next, a 10% wi/w solution of FS in methanol was prepared. The prepared fabrics were drawn and
padded through the solution at 100% wet pick-up and dried at 100 °C for 2 min. The fabrics were
drawn and padded through the FS solution a second time. The zero-time control fabric was
immediately cured at 150 °C for 5min while the other fabrics were allowed to cure for 2 hr.

3.5.  Scanning Electron Microscopy

The nylon nonwoven fabric was examined using a scanning electron microscope (SEM, Hitachi
S-3200N) operated at 5 and 10kV and magnifications from x50 to x50,000. Revolution™
v1.60b24 (4pi Analysis Inc.) was used for image analysis of SEM images. The fiber diameters
and the distances between adjacent fibers were measured. Each sample was observed at five or
more different places at random.

3.6. Contact Angle Measurements

The contact angles of water and dodecane on the treated surfaces were measured by the sessile
drop method, using a lab-designed goniometer at 20°C. The volume of each deposited droplet
was 10 pL. The range of contact angles was obtained from at least three individual
measurements, each on a new spot. The image of liquid droplets on the prepared surface was
obtained using a digital camera (Cannon EOS EF-S-18-55IS) attached to a stereo microscope
(Meiji Techno EMZ-13TR).
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3.7.  Roll-off Angle Measurements

Roll-off angles were measured by placing a specimen on a level platform mounted on a Newport
495 rotation stage and inclining the specimen. Drops (50 uL) of water or dodecane were placed
on the surface, the stage was rotated and the angle of the stage was recorded when each drop
rolled off. The range of roll-off angles was measured at five different spots on the fabric.

3.8.  Anti-icing Characteristics Assessment

A bottled mineral water (Nestle™) was kept in the freezer at -18 °C for 2 hr, ensuring that it did
not freeze. The supercooled water was then dropped on inclined (50°) nylon nonwoven fabrics
that were frozen for the same amount of time as the fabrics. This was done to freeze the fabric
and any atmospheric moisture present in the fabric. These conditions simulate a fabric worn in
the winter subject to freezing rain or sleet. Immediately after removing the water and fabric from
the freezer, the water was poured onto the fabric surface.

5
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4. RESULTS AND DISCUSSION
4.1.  Wetting Behavior of Smooth and Rough Surfaces

Although it is hard to measure the surface tension of a solid directly, it is easy to measure the
contact angles of liquid droplets sitting atop its surface (Fig. 1). By obtaining contact angle data
for liquids with varying surface tensions and inserting the data into select equations predictions
of a surface’s wetting characteristics to other liquids can be obtained.

r. R - _

6. 180° 20° 0°
Figure 1. Contact Angle and Wettability

The relationship between surface tension and contact angle is obtained by the Young equation:

Ysv " VsL _ cosf, (1)
YLv

where y is the surface tension; and subscripts SV, SL, and LV indicate the solid—vapor, the solid—
liquid, and the liquid—vapor interfaces, respectively (Fig. 2). According to Young’s equation, the

contact angle is a well-defined property that depends on the surface tension coefficients that exist
between the solid—liquid and the liquid—gas interfaces.

Ysv -m

Figure 2. Drop on a Flat Surface

The right hand side of Equation 1 and y_v can be obtained from experimental measurements,
leaving two unknowns, ysy and ys.. When 6, for a test liquid is> 20°, it is assumed that ysy = ys
and y_v = y.. On the other hand, the thermodynamic work of adhesion, Ws, ® can be explained by
the Dupre equation as:

Wi = yev +71v — Ve (2)
Combining Equations 1 and 2 results in the Dupre—Young equation:

Wg =ydy +7iv —veL =iy (1 +cosb,) 3)

6
Distribution A: Approved for public release; distribution unlimited.



According to Fowkes, when only dispersion interactions are present, the interfacial tension
between the solid and liquid is ,tv — ( f,iv _ [,iwy2and the geometric mean of the liquid and solid

surface tension is

Ws]iw = 2\[ Vsv o YLv W (4)

where Ws, ™" is the thermodynamic work of Lifshitz—van der Waals (LW) components.

Meanwhile, the addition of intermolecular forces at the interface is equal to the surface tension of
the material, as shown in Equation 5.

y=yd 4+ pP 4yt it g (5)

where d, p, H, ind, and m mean London dispersion forces, permanent dipoles, hydrogen bonds,
induced dipoles and metallic interaction, respectively. Therefore, we can determine ysy and yv
as

Vsv :ng +pdy +V§/ +Visr{;i + Yoy + - (6)

YLv :Vlc_lv + iy +VIEIV +yiLI:/d + Yy e (7)
Combining Equations 3, 4, 6, and 7 gives

Yv(1+cosd,)

ind

= yfv(1+ cosf,)+yhy(1+cosb,)+ y{lv(1+ cosf,)+yy (L+cosd,)+yy(1+cosb,)+... (8)

= 2o 1 A o A R + )

Since the surface tensions of dodecane and most polymeric surfaces are determined by London
dispersion forces, this equation can be simplified to

Jiv(l+cos 6,)= 2(\/ ng ’ VSV ) (9)

An oil such as dodecane has a very low surface tension, ~24.5 dyne/cm. Substituting y v = 24.5
dyne/cm for dodecane into Equation 9 suggests ysy must be smaller than 6.3 dyne/cm, and a
smooth surface having ysy < 6.3 dyne/cm is oleophobic (6, > 90°) under these conditions. The
Young equation and Dupre-Young equation are valid only for the wetting of smooth surfaces,
but real solids are not perfectly flat and surface structure greatly affects wettability, e.g., when a
rough surface of a solid is very hydrophobic, liquid droplets are in contact with the upper part of
a rough surface and the lower part is filled with air.

To design a superhydrophobic superoleophobic surface, two predominant rough wetting models
are used: the Wenzel model and the CB model. In the Wenzel model a liquid fills the grooves of
a rough surface and completely wets the surface, while in the CB model, a liquid sits on top of
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the surface and repels the liquid. To create a CB surface, the Young contact angle of a liquid, &,
must be greater than 90°, as shown in Figure 3.

 Figure 3. Drop on a Rough Surface

In Wenzel’s approach the liquid fills the grooves on the rough surface, and the liquid contact
angle on a rough surface, 6,", can be described as

COS@rW = rcosf, (10)

where r is roughness — the ratio of the total wet area of a rough surface to the apparent surface
area in contact with the water droplet (r > 1). According to Equation 10, a hydrophilic rough (r >
1) surface becomes more hydrophilic and a hydrophobic rough surface grows more hydrophobic
— e.g., for a material with 6, = 120°, r must be greater than 1.79 to make the surface superhydro-
phobic. Since most solid surfaces typically possess ysy > 6.3 dyne/cm, the CB model does not
allow for stable superoleophobicity under normal circumstances. On a MS CB surface, a liquid
initially sits atop the surface because air pockets inside the grooves of the rough surface provide
lower Gibbs free energy than that when the liquid penetrates the rough surface. However, the
liquid can be potentially drawn into contact with the rough surface over time, with the time to
absorption dependent on the surface tension, volume and density of the liquid, and the surface
tension and morphology of the surface. Hence, a superoleophobic surface can be produced by
designing a MS CB surface.

The C B model is a form of the Wenzel model extended to include porous surfaces. In this model
a liquid sits on a composite surface made of a solid and air. Therefore, the liquid does not fill the
grooves of a rough solid. In their paper published in 1944, Cassie and Baxter suggested that the
liquid contact angle at on such a rough surface, 6,°%, is

cosh,® = f,cos0, — f, (11)

where f; is the surface area of the liquid in contact with the solid divided by the projected area,
and f, is the surface area of the liquid in contact with air trapped in the pores of the rough surface
divided by the projected area. When there is no trapped air, f; is the same as r in the Wenzel
model. In the CB model, the smooth surface can become more hydrophobic or oleophobic by
surface roughening, regardless of .. However, in the Wenzel model, &, has to be greater than 90°
for a smooth surface to be more hydrophobic or oleophobic after roughening. This statement
reinforces the concept of the MS CB model, i.e., a surface having 6. < 90° with a liquid, when
roughened, will immediately wet (Wenzel behavior) or the liquid will sit on top of the surface
due to air pockets inside the grooves, which results in a local minimum in the surface energy
(MS CB behavior). In addition, as the surface tension of an oil such as dodecane is lower than
that of water (y = 72.8 dyne/cm), 6,°® of water is higher than 6,® of oil. Hence, according to
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Equations 10 and 11, all superoleophobic surfaces should be superhydrophobic, but not all
superhydrophobic surfaces exhibit superoleophobicity.

4.2.  Modeling of Self-cleaning Surfaces

Superhydrophobicity has gained a great deal of interest and has been studied extensively since
one of the most-prized features of superhydrophobic surfaces is their ability to self-clean—that is
that water collects and removes dirt and debris as the water droplet rolls off the surface. The roll-
off angle of a droplet, o, on a smooth surface can be described as

mgsina = -2R y, (cosf, —cosby) (12)

where m is the mass of the droplet, V is the volume of the droplet, g is the gravitational
acceleration, R,y is the radius of the wetting area, @4 is the advancing contact angle, and 6 is the
receding contact angle. Meanwhile, contact angle hysteresis, Afy, is defined as the difference
between advancing and receding contact angles, i.e. Afy = Oa — Or. The gain factor, which is
often used to understand the relationship between contact angle hysteresis and roll-off angle, is
reckoned as the rate of variation of the contact angle hysteresis at any operating point. The radius
of the wetting area, Ry, on a surface is

R = i/ & sind (13)

"\ 7(2-3cosf +cos® )

Based on Equation 13, the radius of the wetting area can be predicted as shown in Table 1.

Table 1. Measured Radius of Wetting Area of Liquid Droplets
0 (o) RC (mm)
5uL  10puL  20pL 50 pL
10 3.31 4.17 5.26 7.14
20 2.62 3.30 4.15 5.63
30 227 2.85 3.60 4.88
40 2.03 2.56 3.23 4.38
50 186 234 2.94 4.00
60 171 215 2.71 3.68
70 158 1.99 2.50 3.40
80 146 183 2.31 3.13
90 134 169 2.12 2.88
100 122 154 1.94 2.63
110 1.10 1.39 1.75 2.37
120 097 1.23 1.55 2.10
130 084 1.06 1.33 1.81
140 0.69 0.87 1.10 1.49
150 054 0.67 0.85 1.15
160 0.37 0.46 0.58 0.78
170 019 0.23 0.29 0.40
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The Wenzel equation gives a change in the Wenzel contact angle, AG4", caused by a change in
the contact angle on the smooth surface, Afy, as

AGY = r[ﬂJAeH (14)

sing"

The gain factor, which is the change in cosé," relative to cosék (i.e., the derivative of cosg," with
respect to cosée), is very useful because it separates the idea of the equilibrium contact angle
increase occurring by surface topography from the observed contact angle. Using the Wenzel
equation we can obtain the Wenzel gain factor as follows:

G - rsind, (15)
sing"

Since the effect of roughness is proportional to the radian contact angle changes, the Wenzel gain
factor is approximately unity when a contact angle & is close to 90°, but the Wenzel gain factor
rapidly increases as the roughness factor increases. Likewise, the CB equation gives a change in
the CB contact angle, AG+“, caused by a change in the contact angle on the smooth surface,
Aby, as

ino "

AOSP =(1- fz)(Sinecheﬂ (16)
Similarly, a CB gain factor, Ge“%, can be obtained by the CB equation as

G = (1- f)(“eJ (17)

sinf®

Since 1 —f, < 1, Ge“® < 1. According to McHale, the CB gain factor, G.°%, is an attenuation of
any contact angle hysteresis, while hysteresis increases on a Wenzel-type surface. As a
numerical example, if a water droplet is deposited on a rough nylon surface having 6. = 68°, A6y
=150° and r = 3, the apparent contact angle, ;" will be ~ 0° and thus the contact angle
hysteresis on this Wenzel surface, AGy", will be greater than 150°, i.e., the droplet will be
adsorbed onto the rough structure and will not be able to roll off such a hydrophilic rough
surface. However, if a water droplet is deposited on a poly(tetrafluoroethylene) (PTFE) having
6. = 120°, A4 = 80° and f, = 0.74, the apparent contact angle, 4,°%, will be 150° and the contact
angle hysteresis, AG4°2, on this CB surface will be less than 80°, i.e. the surface will become
superhydrophobic and liquid droplets will readily roll off at a certain roll-off angle. In the case of
dodecane, whose 8, < 90° and 6,8 > 90°, the situation is less favorable, and Equations 16 and 17
cannot be used to predict a of dodecane since the sine curve has a bilateral symmetry with
respect to 90°. Hence, Equations 16 and 17 have to be modified for a MS CB surface as

1+ cosé
AOYTTP = (1 f,) ————- |AO (18)
H ( 2)(1 +cosf” } H
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G 1 fz)( 1+ cosd), J (19)

1+ cosf ™"

Hence, if there is a surface having surface properties as shown in Table 2, a can be predicted by
Equations 12, 16 and 18.

In Table 2, since the droplet shape begins to deform when m > 10 pL caused by gravity, we use a
real Ry, that is, not a value predicted by Equation 13 but a real R. that has been measured on the
surface.

Table 2. Predicted Roll-off Angles of Water and Dodecane on a Very Hydrophobic and
Oleophobic Rough Surface.
Water on PTFE (CB) Dodecane on PTFE (metastable CB)

Parameters ool 100 ul 50 pL 100 UL
Oe (°) 120 120 50 50
Aby (°) 110 110 168 168

f, 0.74 0.74 0.74 0.74
6% (°) 150 150 124 124
AGy° (°) 50 50 163 163
NS 180 180 180 180
6:°" (°) 30 30 17 17

Rw (Mm) 2.5 3.3 3.7 45

a (°) 15 10 45 26

" Approximate values if f; + f, ~ 1.

The predicted values of o are 15° and 10° for 50-pL and 100-pL water droplets, and 45° and 26°
for 50-pL and 100-pL dodecane droplets, respectively. If liquids having different y_y are
deposited on a solid surface, the roll-off angles of the liquids are strongly influenced by the mass
and the surface energy of each liquid.

4.3.  Modeling and Preparation of Superhydrophobic and Superoleophobic Woven
Fabric

Again, the wettability of a solid surface is determined by two parameters: the chemical
composition and the geometrical structure of a rough surface. Therefore, in Part I, we design a
MS superoleophobic surface via chemical and geometrical modifications. The surface energy of
the fibers is reduced by grafting FS onto nylon and cotton fibers composing NyCo fabric. Macro-
scale roughness of the NyCo can be controlled via choice of fabric construction, yarn type
(mono- or multifilament (MF)), and fiber diameter. Additionally, micro- and nano-scale
roughness on fibers can be achieved by allowing partial condensation of the FS prior to treating
the NyCo, thus resulting in deposition of FS particulate condensates over the fiber surface. First,
we review how to lower the surface tension of fibers chemically.

4.3.1. Chemical Modification
Lowering surface tension of NyCo begins by grafting low-surface-tension material on the surface
of NyCo, such as replicating the FS grafting process developed by Hoefnagels et al., and Stoeber
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et al. except that the technique was modified to use microwave radiation in this research. A
swatch of NyCo fabric is saturated in a solution containing FS, squeezed at 100 % wet pick-up to
remove excess liquid, and cured in a conventional microwave oven at 1250 W, with irradiation
times varying from 0 to 60 sec. Whilst the surface energy of NyCo is decreased by FS grafting,
silane can form micro- and nano-scale roughness on NyCo and create a high surface area if the
FS imparts particulate condensation to the NyCo—the self-condensation of FS will be discussed
later in Part I. Such treatment methods correlate easily to a wide variety of textiles that have —OH
and —NH groups, such as cotton, polyamides, polyaramids, etc. Fluoroalkyl chains can be
attached to the —OH or —NH site via a siloxane or silazane linkage as shown in Figure 4.

(CF2),CF3  (CF,);CF;  (CF2);CFy (CF3);CF3  (CF,);CF; (CF,);CF4

(CF2);CFy  (CF,),CF3 (CF;);,CFs

| | - | | | | Material
Material Material

Figure 4. Reaction Mechanism of FS Condensation onto a Surface

where XH is —OH, —SH, —NH—, and —NHj, etc. Use of microwave radiation in this process
greatly enhances the reaction rate of the covalent attachment of silanes to the reactive substrates,
as does the presence of acid or base. Since treatment at low pH is avoided for the treatment of
cotton and other cellulose derivatives due to the instability of their p-acetal bonds in acidic
solutions, this reaction was processed using neutral and basic solutions.

Again, we chemically grafted FS onto a NyCo surface to reduce the surface tension of NyCo and
to make the surface less oleophilic. To obtain the Young contact angles for water and dodecane,
nylon 6,6 film was treated with FS. The Young contact angles of water on a FS-grafted nylon
film were 109°-112°, while the Young contact angles for water on an unmodified nylon surface
were 70°-73°. Grafting FS to a nylon film also increased dodecane contact angles. The Young
contact angles for dodecane on a FS-grafted nylon film were 73°-75°, while the Young contact
angle for dodecane on an unmodified nylon surface was < 5°. The measured values of Ge.yater and
Oc-dodecane ON FS-treated nylon are critical parameters to consider when designing superoleophobic
surfaces using the Wenzel and CB models. FS-grafting onto a nylon film successfully generated
a surface having a low surface energy, as shown in Figure 5.

E
e —————

Figure 5. 10-uLL Water and Dodecane Droplets on a FS-grafted Nylon Film
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4.3.2. Geometrical Modifications

The wetting behavior of a solid surface is also controlled by the geometrical structure of a
surface. In this section, we study how to model and modify a rough surface to make the surface
highly hydrophobic and oleophobic using plain woven, woven twill, and 3/1 satin woven
constructions.

4.3.2.1.  Superhydrophobic Oleophobic Plain Woven Structure

To obtain the true surface area we use a flux integral. Figure 6 shows a cross-sectional view of a
model of a NyCo plain woven fabric made of monofilament fibers. The distance from the center
of a weft (or warp) yarn to the center of an adjacent weft (or warp) yarn is 4R; and the distance
from the center of a weft (or warp) yarn to the center of an adjacent warp (or weft) yarn is 2R.
Hence, according to the Pythagorean Theorem, the vector from the center of one weft yarn to the
center of an adjacent weft yarn makes a 30° angle to the plane of the fabric.

Wefl yam Warp yarn

2R 2R

L
4

2R 2R

3R

3R

v

Figure 6. Cross-section Views of a Plain Woven Fabric

Using the flux integral, the area of one yarn in the unit fabric is calculated as

r(u,v) = (2R + Rcosv)cosui + (2R + Rcosv)sinu; + Rcosvk (20)

r, xr,| = R2R + Rcosv) (21)

2n 20
~ J:) L R(2R + Rcosv)dudv _ 8/R2

arn in unit area
Y 3 3

(22)

where R is the radius of yarn; A is the area; i, j and k are the vectors to x-, y-, and z-axis direction,
respectively; u and v are the notations for the variables of integration. Then, we determine the
true fabric surface area as follows:

Af:gfic = (2 Ayarn in uynit area ) = 5264 R 2 (23)

where A™.ic is the intrinsic area of the unit fabric determined by the area of yarn surfaces. The
apparent surface area is equal to the area of a plane tangent to the top surface.

Azt~ (243R ) =12R? (24)

fabric
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where APt i is the apparent area of the unit fabric shown in Figure 6. Finally, the
roughness, r, is
52.64R?
r=——=4.39
12R? (25)

As shown in Equation 25 the plain woven rough surface has high enough r to achieve a MS CB
surface.

Next, we look at a plain woven fabric made with MF yarns. Clearly, a MF yarn will have even
higher values of r, because the space between the fibers will increase the true surface area while
the apparent surface area remains the same. In this case, Equation 23 becomes

Al = A ~52.64R, x NR (26)

fabric

Where A" i is the real area of fabric, Anuni is the area of MF yarns, N is the number of
filament fibers, Ry is the radius of the yarn, and Ry is the radius of the filament fibers.
Substituting Equation 26 into Equation 25 yields

r~4.39 '\F'{Rf (27)

y

For example, a plan woven fabric could have Ry = 200 pm, N > 50, and R¢ ~ 10 pm. Substituting
these values into Equation 27 gives r > 11. Since r > 11 for the MF fabric, we again expect that
the surface is adequately rough and that the roughness is composed of the appropriate
geometrical structures to be superhydrophobic.

Now, we model a CB plain woven fabric. In Figure 6, the center-to-center distance is 2,/3r and
the contact angle on a CB NyCo surface, 6,°®, is defined as

-0 ind
cosf® =ucosﬁ + % g (28)

V3 B

based on Equation 11. Substituting Young contact angles into Equation 28 along with the
measured contact angles from the flat nylon film provides 6,°B. In addition, if the fabric consists
of MF yarns whose Ds ~ Ry, as shown in Fig 7, where Ry is the fiber radius and 2Dx is the distance
between two adjacent fibers, the CB contact angle on MF yarn, M, is defined as

-0
cosOM = (7[28) cosf), + % sinf, —1 (29)

Figure 7. Water Droplet on Two Filament Fibers
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For 6 > 90°, 6,°® increases with increasing D. For example, if a fabric material is made of PTFE,
(0 = 120°) and the fibers are closely packed, §,°® = 131°; for D = R, 6,°® = 146°; and for D =
2R, 6,°B = 152° on the MF yarn.

As mentioned above, 109° < f, (water) < 112° and 73° < 6, (dodecane) < 75° on a surface grafted
with FS. By substituting these numbers into Equation 28, we find 133° < §,°® (water) < 136° and
98° < 6,°® (dodecane) < 100° for the FS-grafted mono-filament plain woven fabric. In the same
manner, substituting the same 6, into Equation 29, we obtain 142° < ;MF (water) < 144° and
114° < M (dodecane) < 115° for the FS-grafted MF yarns. Using these values as the effective
contact angles for the yarns in the plain woven structure and re-solving Equation 28, i.e.,
substituting these values into @, (water) and . (dodecane) in Equation 28, we predict 161° < 6,°®
(water) < 163° and 138° < 6,°B (dodecane) < 139° for the FS-grafted MF plain woven fabric.
According to our prediction, properly constructed NyCo MF plain woven fabric can be
superhydrophobic and highly oleophobic once the fabric is treated with a low-surface-tension
material such as FS.

4.3.2.2.  Superhydrophobic Oleophobic Twill Woven Structure

Figure 8 shows a cross-sectional view of a model of a NyCo twill woven fabric made of
monofilament fibers. A flux integral can be used to obtain the true area of twill woven fabric as
well. The area of one yarn in the unit fabric is

2m e2m
R(2R + Rcosv)dudv 2 2
PN AL e S LA S (30)
3 2 3 2
Weft yam Warp yarn

2‘R|
2R

Figure 8. Cross-section View of a Twill Woven Fabric

The area of one yarn in the unit fabric is applied to both weft and warp yarns, and a twill fabric
in Figure 8 consists of four yarns in the unit area. Therefore, the true fabric area is:
Aftrue = 4Ayarn in unit area 11156R2 (31)

abric

where A™.uic is the intrinsic area of the unit fabric determined by the area of yarn surfaces. The
apparent surface area is equal to the area of a plane tangent to the top surface.

Afapparent — [R(Zx/g + 1)]2 = 1993R2 (32)

abric
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where APt i is the apparent area of the unit fabric. Based on Equation 10, the roughness, r,
is 5.59. If this twill woven fabric is made of yarns having MF fibers as shown in Fig 7, the fabric
will have even higher values of roughness and r > 5.59, since the space between the fibers will
increase the intrinsic surface area while the apparent surface area remains the same. Therefore, r
of the twill woven rough surface is large enough for it to exist as a MS CB surface regardless of
the structure of yarns.

Now, we model a CB twill woven fabric. In Figure 8, the center-to-center distance is (2.3 +1)Rr-
Thus, coso:® for a CB NyCo surface is defined as

Yr—0)+1 o dsind, +1

———F COS + — 1 (33)
243 +1 © 23+1

cosh <’ =

Substituting the same Young contact angles, 109° < 6, (water) < 112° and 73° < 6, (dodecane) <
75°, into Equation 29, we obtain 142° < 6.F (water) < 144° and 114° < M (dodecane) < 115°
for the FS-grafted MF yarns. Using these values as the effective contact angles for the yarns in
the twill woven structure and re-solving Equation 33, i.e., substituting these values into 6.
(water) and 6 (dodecane) in Equation 33, we predict 150° < 6,°® (water) < 152° and 118° < ,°®
(dodecane) < 119° for the FS-grafted MF twill woven fabric. According to our prediction,
properly constructed NyCo MF twill woven fabric can also be superhydrophobic and highly
oleophobic once the fabric is treated with a low-surface-tension material such as FS.

4.3.2.3.  Superhydrophobic Oleophobic Satin Woven Structure

Figure 9 shows a cross-sectional view of a model of a NyCo 3/1 satin woven fabric made from
monofilament fibers. The surface area of a single round monofilament fiber in the unit fabric can
be calculated using flux integral to obtain r as shown above.

Weft yam Warp yarn

Figure 9. Cross-section View of a 3/1 Satin Woven Fabric

The area of one yarn in the unit fabric is

A

27 27w
[ [ R@R +Reosv)dudv Rt ( 82 ]RZ (34)

in unit area = —+7
arn in unit area
Y 3 3

The area of one yarn in the unit fabric is applied to both weft and warp yarns, and the satin fabric
in Figure 9 consists of six yarns in the unit area. Therefore, the true fabric area is
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Afraeba:ic =4x Ayarn in unit area — 176'76R 2 (35)

where A™.ic is the intrinsic area of the unit fabric determined by the area of yarn surfaces. The
apparent surface area is equal to the area of a plane tangent to the top surface.

Az _pR(J3 +1)f =29.85R? (36)
where AP is the apparent area of the unit fabric. Based on Equation 10, the roughness, r,
IS 5.92. If this satin woven fabric is made of yarns having MF fibers as shown in Fig 9, the fabric
will have even higher values of roughness and r > 5.92, because the space between the fibers will
increase the intrinsic surface area while the apparent surface area remains the same. Therefore,
the satin woven rough surface has high enough r to exist as a MS CB surface regardless of the
structure of yarns.

Now, we model a CB 3/1 satin woven fabric. In Figure 9, the center-to-center distance is
43 +1)rR. Thus, a CB NyCo surface is defined as

CB _2(717—98)4-1 25inHe +1_ 37
cos 6, —7\/§+1 cosf, +7\/§+1 1 ( )
Again, substituting the same Young contact angles above, 109° < @, (water) < 112° and 73° < 6,
(dodecane) < 75°, into Equation 29, we obtain 142° < ;M (water) < 144° and 114° < 6,F
(dodecane) < 115° for the FS-grafted MF yarns. Using these values as the effective contact
angles for the yarns in the 3/1 satin woven structure and re-solving Equation 37, we predict 149°
< 6,°® (water) < 151° and 117° < 6,°® (dodecane) < 118° for the FS-grafted MF 3/1 stain woven
fabric. According to our prediction, properly constructed NyCo MF satin woven fabric can also
be superhydrophobic and highly oleophobic once the fabric is treated with a low-surface-tension
material such as FS.

NyCo MF woven fabric can be superhydrophobic but cannot be superoleophobic by itself, even
if the fabric is treated with a low-surface-tension chemical. To achieve superoleophobicity as
well as superhydrophobicity, the fabric morphology has to be manipulated by creating bigger
spaces between fibers, loosening the fabric structure, or providing more roughness to the surface
of NyCo MF fibers. Considering the manufacturing process of woven fabrics, providing more
roughness by adding protuberances to the surface of NyCo fibers seems the easiest way to
achieve superhydrophobicity and superoleophobicity. Figure 10 shows a NyCo surface covered

Figure 10. Water Drop on Top of a NyCo fiber Treated in 10% FS Solution Consisting of
Base Catalyst
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with protuberances in micro and nano size FS. In the next section, we study how to create such a
multiscale roughness on the NyCo surface to prepare a MS CB superhydrophobic and
superoleophobic woven fabric.

4.3.2.4.  Superhydrophobic/Superoleophobic NyCo Woven Fabric

By using FS in conjunction with corrugated, rough surfaces, FS can build multi-scale roughness
having low surface energy. Indeed, the previous research presented that the use of condensed
silanes increases micro and nano structure corrugation, resulting in increased hydrophobicity and
oleophobicity of so-treated cotton. A superhydrophobic and superoleophobic NyCo woven fabric
can be developed in the same manner by covalently binding silanes onto the NyCo surface.

Although any soluble base can be an efficient catalyst, we use ammonium hydroxide as a base
catalyst to accelerate the displacement of the methoxy or ethoxy substituent, and to facilitate the
formation of the corrugated micro- and nanostructure (Fig. 11).

Figure 11. Mul reated in 10%
Solution of FS with Catalytlc Water (Ieft) and 10% FS Wlth NH;OH (right)

Because FS-treated NyCo without catalytic base has a relatively smooth surface and NyCo
treated with FS in the presence of 1% catalytic base has multiscale roughness on the surface, X-
ray photoelectron spectra (XPS) of NyCo FS treated both with and without base catalyst were
measured and compared with the XPS of untreated NyCo. Table 3 shows the XPS atomic
composition of C, N, O, F and Si and the ratio of F/O, F/C and F/Si at the surface of three
materials: (a) NyCo treated in a 10% solution of FS with catalytic water, (b) NyCo treated in a
10% solution of FS in the presence of 1% NH;OH, and (c) untreated NyCo. Both (a) and (b)
have almost the same amount of fluorine. However, as shown in Figure 11, NyCo treated in a
10% solution of FS with water exhibits surface morphology very different from (b) although they
possess almost the same atomic composition of F and nearly the same values of F/O, F/C and
F/Si ratios at the surface. As expected, based on the atomic composition of (c), the untreated
NyCo does not have fluorine on the surface.

Table 3. XPS Atomic Composition of FS Treated and Untreated NyCo
Atomic composition (%) Ratio

C 0] F Si F/O F/IC FI/Si
FS treated NyCo with water 391 8 50.2 2.7 6.3 13 184
FS treated NyCo with NH,OH 384 86 505 25 59 13 204
Control NyCo 77 205 0 14 0 0 0

Fabric
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By changing FS concentration, curing time, and the number of cures, we can control the
morphology of FS protuberances on the NyCo surface and eventually prepare superhydrophobic
and superoleophobic woven fabric (Fig. 12). The FS-treated NyCo plain woven fabric shown in
Figure 12 is superhydrophobic and superoleophobic. The fabric prevents the absorption of not
only water but also dodecane with almost no change of contact angles.

Figure 12. 10-uLL. Water (left) and Dodecane (right) Droplets on FS-grafted NyCo Plain
Woven Fabric Treated via Microwave Synthesis

The FS concentration, curing time, and the number of cures absolutely affect the wetting
behavior of FS-treated NyCo woven fabric. This indicates that oil contact angles can be greatly
improved by varying such parameters. We suggest that improving the macro-scale geometric
morphology of the woven fabric, such as controlling the fiber spacing, manipulating the yarn
structure, and choosing the proper woven construction, are also necessary to design and prepare
superhydrophobic and superoleophobic fabrics.

4.4. Modeling and Preparation of Superhydrophobic and Superoleophobic Nonwoven
Fabric

Superhydrophobic materials are often prepared by applying fluorochemicals to solid surfaces
that are naturally rough or by creating new roughness while attaching fluorochemicals. In this
study, we compare three different processes for making superhydrophobic and superoleophobic
materials, by attaching identical fluoroalkyl chains, CF;(CF;);CH,CH2-X, which differ only in
the X-group used to attach the fluoroalkyl chain to the surface and the method used to cure the
fluoroalkyl materials.

4.4.1. Chemical Modification

4.4.1.1. Pulsed Plasma Polymerization of Fluoroalkyl Acrylates onto Nylon Surface
When perfluoroalkyl acrylates are introduced into plasma, polymerization of the vinyl double
bond can be initiated in the vapor phase and on any nearby surfaces. The perfluoroalkyl acrylate
polymerization creates a closely packed covering of trifluoromethyl groups on the surface. When
this polymerization was carried out in the presence of nylon films, we observed that Young’s
contact angle for water increased from 70-74° for the untreated nylon film to 123-125° for the
plasma-polymerized treatment. Similarly, Young’s contact angle for dodecane increased from
<5° for the untreated nylon film to 78-81° for the plasma-polymerized treatment as seen in Fig-
ures 13 and 14. This demonstrates that a hydrophilic flat nylon surface became hydrophobic upon
fluorochemical treatment. At the same time, the oleophilic surface became much less oleophilic,
but it did not become oleophobic (i.e. the contact angle for dodecane was still less than 90°).
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Figure 13. Water (left) and Dodecane (right) Droplets on an Untreated Nylon Film

Figure 14. Water (left) and Dodecane (right) Droplets on a Pulse-Plasma-Polymerized
PFACS8-grafted Nylon Film
(Source: Lee et al. Journal of Materials Science, 2011)

4.4.1.2. Microwave-assisted FS Grafting onto Nylon

Microwave radiation greatly accelerates many reactions, including siloxane condensation.
Fluorosiloxanes can self-condense to form nano- or microparticles, which deposit on nearby
surfaces. They can also react directly with surfaces and form covalent bonds with them. Thus,
they offer great potential to generate a rough, fluorinated surface. For comparison of the
effectiveness of the plasma polymerization of fluoroalkyl acrylate to microwave-assisted grafting
of fluoroalkylsiloxanes, we applied FS to nylon 6,6 film and used microwaves to assist grafting.
Young’s contact angles for water on the treated film increased to 124-126° and for dodecane
they increased to 70-73° as shown in Figure 15. These results are very close to those above for
the plasma-polymerized treatment.

Figure 15. Water (left) and Dodecane (right) Droplets on Microwave-assisted FS-treated
Nylon Film

4.4.1.3. FS Grafting onto Nylon via Wet Processing
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For comparison to traditional wet processing techniques, FS was applied to a nylon 6,6 film by
immersing the film in a solution of FS that was allowed to self-condense and react with the film
surface at room temperature. However, the number of reactive groups on the surface of untreated
nylon is low. To circumvent this problem, additional sites were added by grafting PAA to the
surface followed by condensing EDA with the carboxylic acid groups in PAA. This provided a
surface rich in -NH; groups. After FS deposition on this surface, Young's contact angle for water
was 120-124° and for dodecane was 64-68° (Fig. 16). These contact angles are nearly identical
to those for the plasma-polymerized fluoroalkyl acrylates. The results of all three methods are
shown in Table 4.

A

g

Figure 16. Water (left) and Dodecane (right) Droplets on FS (Wet Processing) Grafted
Nylon Film

Table 4. Comparison of Young’s Contact Angle of Nylon Films Treated with Fluoroalkyls

Treatment Contact Angles
Water  Dodecane
No treatment 70-74° <5°
Plasma-polymerized perfluorodecyl acrylate 120-122°  65-67°
Microwave-assisted FS condensation 124-126°  70-73°
Wet processing of FS 120-124°  64-68°

All three methods reduced the surface energy of the nylon film and led to higher contact angles
for both water and dodecane. However, none of these treatments resulted in superhydrophobic or
oleophobic materials. To accomplish that goal, the surface roughness must be increased. The
work reported below uses HNFs to introduce roughness.

44.1.4. Comparison of Chemically Modified Fibers

Figures 17 and 18 present SEM images of fibers in an HNF and after treatment with plasma-
polymerized PFAC8, microwave-assisted FS, and wet processed FS. At 5000x magnification the
wet-processed FS treated sample appears to have fewer protuberances than the fabrics treated via
either plasma polymerization or microwave reaction (Fig. 17). Figure 18 shows the rough surface
of the three fabrics in greater detail. The plasma-polymerized PFAC8-treated fiber has a sparse
distribution of protruding mounds. The microwave-assisted FS-treated fiber shows an undulating
surface with crests and depressions. The average distance between two neighboring crests was in
the range of 500 nm to 1 um. In contrast, the wet-processing FS-treated fiber exhibits a very
uneven surface with many small protuberances and uniform coverage of the treated fibers. A
typical “rocky” structure was observed throughout and the surface appears to have multiple
layers of FS condensates. As expected, the surface of untreated fibers is very smooth (Fig. 19).
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Figure 17. SEmages of Plasma-Polymerized PFACreaed (left); Micwave-assisted
FS-treated (center); and Wet-processed FS-treated Fibers in a Nylon Nonwoven (right)
(Imaged at 5000x; Bars are 5 pm)

Figure 18. SEM Images of Plasma-Polymerized PFACS8-treated (left); Microwave-assisted
FS-treated (center); and Wet-processing FS-treated Fibers in a Nylon Nonwoven (right)
(Imaged at 50000x; Bars are 500 nm)

Figure 19. SEM Image of an Untreated Nylon Nonwoven Fiber at 50000X; Bar is 500 nm
4.4.2. Geometrical Modification of Nonwoven Fabric
To create a stable CB surface, Young’s contact angle, &, of a liquid residing on a flat surface
must be greater than 90°. The surface energy of PFACS8 polymer on a flat glass substrate was
determined using the liquid geometric mean method proposed by Fowkes in 1964 and Owens
and Wendt in 1969. These authors state that surface tension can be divided into dispersive and
polar components. It was found that plasma-polymerized PFACS has a very low surface energy
~9 mJ/m°). Since the surface energies of nonpolar liquids and solids such as dodecane and the
PFACS plasma polymer are largely determined by the London dispersion forces, we obtain

yo(l+cosf, =24y8 78 =2y -7, (38)
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wherein the superscript d corresponds to the London dispersion force. Substituting s = 9 mJ/m?
and y = 25.4 mJ/m? into Equation38, gives 6 ~ 79°. Thus the highest contact angle expected for
dodecane on a flat, plasma-polymerized-PFACS surface is about 80°, far less than the 150°
required for superoleophobicity. Similar results are expected for the fluorosiloxane treatments.
Therefore, the surface roughness must be increased to attain the higher apparent contact angles
needed for superoleophobicity. We achieved this roughness by using a HNF, as shown in Figure
20. We then applied each of the three treatments discussed above to this fabric.

iew (x100) and Cross-sectional View (x50) of Hydrotangled Nylon
Nonwoven Fabric

Figure 20. Tp

Despite having a Young’s contact angle for dodecane of less than 90°, the PFAC8-plasma-
modified nonwoven fabric is both superhydrophobic and superoleophobic, displaying apparent
dodecane and water contact angles of 153-155° and 168-171°, respectively (Fig. 21). Similar

‘-"—")L‘ci.:'-rﬂ

Figure 21. Water (left) and Dodecane (right) Droplets on Plasma-Polymerized PFAC8 on
Nylon Nonwoven Fabric
results were achieved for microwave-assisted FS treatment (Fig. 22) and for FS treatment using
wet processing (Fig. 23). The measured contact angles for water and dodecane are shown in
Table 5. All three treatments give nearly identical contact angles and result in superhydrophobic
and superoleophobic materials.
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Figure 22. Water (left) and Dodecane (right) Droplets on Microwave-assisted FS
Condensation on Hydroentangled Nonwoven Fabric

Figure 23. Water (left) and Dodecane (right) Droplets on Hydroentangled Nylon Nonwoven
Fabrics FS-condensed via Wet Processing

Table 5. Contact Angles of Water and Dodecane on Treated Hydroentangled Nonwoven
Fabrics
Treatment Contact Angles
Water  Dodecane
Plasma-polymerized perfluorodecyl acrylate 168-171° 153-155°

Microwave-assisted FS condensation 172-174° 158-160°
Wet processing of FS 171-173° 154-156°
Predicted from Eq. 41 ~180° 155-156°

To better understand the results of Table 5, we modeled the structure of the hydroentangled
nonwoven fabric as shown in Figure 24, which represents a cross-sectional view of a liquid
droplet sitting on the top layer of the hydroentangled nonwoven fabric. Here, R is defined as the
radius of the fiber and 2d is the distance between two adjacent fibers.

According to Marmur, the CB model can be rewritten as follows:
cosf® = fr; cos @, —1+ f (39)

where f is the fraction of the projected area of the solid surface in contact with the liquid and r; is
the Wenzel roughness in contact with the liquid. (Note that this f is not the same as f; in Eqg. 11.)
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Following Lee and Michielsen and referring to Figure 24, f is given by R sin o,/ (R + d) while r¢
is a / sin a.. According to Marmur, o is equal to = — 6. when the free energy is a minimum.

Substituting for f and r¢ in Equation 11 results in

sing, -1 (40)

R(z -6
(z=9.) cosd, +

+R d+R

cosf® =

If the apparent contact angle is given by Equation 40, the drop will exhibit stable CB behavior.

However, if the apparent contact angle is given by Equation 11, but Equation 40 is not satisfied,
the drop will be in the MS CB state. On closer examination of Equation 39, we note that r¢ and f
are both positive, rr is greater than 1 and f is less than 1. Therefore, if 6, < 90°, & can be >150°

only if f is very small (the fibers are very far apart) or if the liquid is in the MS CB state.

Figure 24. Liquid Droplet Depicted Sitting on top of a Superhydrophobic/Superoleophobic
Surface

R is the radius of a fiber, 2d is the spacing between two adjacent fibers along the liquid-air

interface line, o is the fraction of the circle between vertical and the liquid contact point and 6 is

Young's contact angle. (Source: Lee et al. Journal of Materials Science, 2011)

The pore ratio of the top layer of hydroentangled nonwoven fabric in Figure 20 is calculated to
be 93% ( f, ~ 0.93), where the pore ratio is
area occupied by fibers (41)

total area

pore ratio= f, =1—

Because f, of Equation 11 is equal to 1- (R sin 6./ (d +R)) from Equation 40, after substituting R
~ 10 um and 65° < BGe-godecane < 67° into f,, the average value of d can be calculated: 119 pm < d <
121 um. Then, substituting R, d, and &, into Equation 40 results in 150° < ;_godecane < 151° and 6.
water ~ 180°. As shown in Table 5, the measured contact angles for all three treated fabrics are in
good agreement with the predicted values.

All three treatments resulted in nearly the same contact angle on flat films. In addition, the
measured contact angles for all three treatments are well represented by Equation 11 considering
only the fabric structure and not the nanostructures on the fiber surfaces. This means that the
fabric structure and the surface energy of the fluorochemicals are the dominant factors
determining whether the material will be superhydrophobic and superoleophobic. The
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nanostructures observed on the fibers appear to play no role in the apparent contact angles of
these materials.

Another method for distinguishing between these treatments is to examine the roll-off angles for
liquid droplets. The roll-off angles of water and dodecane were measured by placing the treated
nonwoven fabric on a level platform mounted on a rotation stage and inclining the fabric (Table
6). The advancing and the receding contact angles were measured and the roll-off angles were
recorded when the droplet began to move. The contact angle hysteresis (CAH)—the difference
between the advancing and the receding contact angles—determines how easily a drop rolls off
the surface of the fabric. (Figs. 25 and 26.) The advancing contact angles, @4, for both water and
dodecane were ~180° for all three surfaces when the droplets began to roll off our
superhydrophobic/ superoleophobic surfaces. It was observed that the receding contact angles,
Or, Of water on the treated nonwoven fabrics were 145 — 155° whereas for dodecane g < 30° on
the same fabric. The roll-off angles also depend on the weight of the droplet and the surface
tension of the liquid since mg sina =~ y.D (cosOr — cosda) where m is the mass of the droplet, g is
the gravitational acceleration, « is the roll-off angle, v is the liquid surface tension, and D is the
contact diameter of the droplet on the surface. Although the roll-off angles of a 50-uL droplet of
water and dodecane on the treated nonwoven surface were 21° and 36°, respectively, as shown in
Figures 25 and 26, if the drop volume is reduced to 10 puL, the drops do not roll off the surface
even if the fabric is tilted to the vertical position (90°). This demonstrates a direct correlation
between the weight of the droplet and its roll-off angle.

Table 6. Roll-off Angles for Different Treatments on Nylon Nonwoven
Treatment Roll-off angles
Water  Dodecane
Plasma-polymerized perfluorodecyl acrylate 9-11°  26-29°
Microwave-assisted FS condensation 6-8° 21-24°
Wet processing of FS 8-10° 25-28°

Figure 25. Water Rolling Off a Superhydrophobic/Superoleophobic Surface
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Figure 26. Dodecane Rolling Off a Sup'erhydrophobic/SuperoIeophobic Surface

4.4.3. Anti-icing Properties of Superhydrophobic Superoleophobic Nonwoven Surface
The anti-icing properties of microwave-assisted FS-grafted superhydrophobic/ superoleophobic
nylon nonwoven fabric have been observed and compared to a control fabric. The series of

pictures below show the difference in the behavior between a superhydrophobic nonwoven fabric
and a control fabric (Figs. 27 and 28).

Figure 27. Ice Formation Visible on the Untreated Nylon Nonwoven Fabric (left) and
Supercooled Water on FS-treated Superhydrophobic Nylon Nonwoven Fabric (right)

Figure 28. Ice Formed on the Untreated Fabric (left) and No Visible Ice on the FS-treated
Fabric (right)
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The supercooled water was dropped on both the untreated nylon nonwoven fabric and the FS
treated superhydrophobic nylon nonwoven fabric. As the droplets from the bottle fell on the
untreated fabric it immediately formed ice on the surface and, as the droplets continued to fall,
the ice build-up increased. This can be attributed to the fact that the untreated nylon nonwoven
fabric is hydrophobic and absorbed the supercooled water. This facilitated the crystallization of
water, converting it into ice. In the case of superhydrophobic nylon nonwoven fabric, the
supercooled water was not absorbed into the fabric and the nucleation process did not occur,
preventing the formation of ice. Since the fabrics were placed on an inclined plane, a similar
experiment was carried out when the fabrics were kept on a flat surface to understand the
influence of inclination on anti-icing.

Figure 29. Ice Present on Untreated Nylon Nonwoven (left) and No Visible Ice on FS-
treated Superhydrophobic Nylon Nonwoven (right) Placed on a Flat Surface

Figure 29 shows ice present on the untreated nylon nonwoven fabric and no ice formation on FS
treated superhydrophobic nonwoven fabric. Thus, the anti-icing property of the fabrics was not
influenced by the inclination of the fabrics. The experiment was also carried out on untreated and
FS-treated nylon films (Fig. 30). Ice formation was observed on both the films. This shows that
roughness is necessary to exhibit anti-icing. The anti-icing property follows the same mechanism
as superhydrophobicity. For a rough surface (nylon nonwoven) there are more air-pockets than
on a smooth surface (film), which prevents water from getting into the fabric and turning into
ice.

Figure 30. Ice Present on Both Untreated (left) and FS-treated Nylon Films (right)
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5. CONCLUSION

In the first part of this report, we studied how to create superhydrophobic and superoleophobic
woven fabrics. A superhydrophobic superoleophobic surface is obtained by two criteria: low
surface tension and a properly designed rough surface having appropriate surface roughness and
morphology. To make woven fabric superhydrophobic and superoleophobic, NyCo MF plain
woven fabric was treated with FS which has a very low surface tension and provides more
roughness to the fabric by generating micro and nano-size protuberances in the form of FS
condensates on the fiber surfaces. From the Young contact angles of water and dodecane on a
FS-grafted nylon film, we could predict the apparent contact angles on FS-grafted NyCo MF
plain, twill, and 3/1 satin woven fabrics. Forming multiscale geometric structure on the NyCo
was also important to improve hydrophobicity and oleophobicity of the fabric, and consequently
this treatment resulted in a highly hydrophobic and oleophobic woven fabric material. Finally,
superhydrophobic superoleophobic plain woven fabric has been prepared using the Wenzel and
the CB equations. Although superoleophobicity is achieved via the MS CB model, the fabric can
prevent the absorption of oil as well as water with almost no change of contact angles.

In the second part of this report, three methods for preparing superhydrophobic/ superoleo-
phobic/ anti-icing hydroentangled nonwoven fabrics were carefully studied: pulse plasma
polymerization of PFACS8, microwave-assisted fluorosiloxane condensation, and fluorosiloxane
condensation via wet processing. The apparent contact angles and roll-off angles for water and
dodecane droplets were measured. Although the surface morphology of the fibers treated in each
process were quite different, the apparent contact angles were nearly the same, up to 174° for
water and 160° for dodecane. In addition, roll-off angles as low as 6° for water and 21° for
dodecane were obtained for a 50-uL droplet volume. On the other hand, 10-uL droplets of water
and dodecane did not roll off any of the surfaces.

Modeling the behavior of liquids on the fluorochemical-treated HNF showed that the influence
of nanoparticle structures on the apparent contact angles was insignificant. The two controlling
parameters were the low surface energy imparted by either of the fluorochemicals used and the
structure of the nonwoven fabric (fiber size and spacing).

Supercooled water was poured onto a frozen superhydrophobic surface, a microwave-associated
fluorosilane-grafted nylon nonwoven fabric, to demonstrate the anti-icing properties of
superhydrophobic surfaces. Supercooled water was also poured onto a fluorosilane-grafted nylon
film; the water built ice as it did on a frozen untreated film. This indicates that chemical coating
is not enough to develop anti-icing surfaces but proper roughness is required, i.e. the air-pockets
between protuberances of a superhydrophobic rough surface seem to reduce the total contact area
between supercooled water and the fabric surface, and that results in the prevention of ice
crystallization on the fabric surface.
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

apparent area of the unit fabric

Air Force Research Laboratory (AFRL)

intrinsic area of the unit fabric

Cassie—Baxter

half the distance between two adjacent fibers

UK Defense Science and Technology Laboratory
1H,1H,2H,2H-perfluorodecyltrimethoxysilane

surface area of liquid in contact with the solid divided by the projected area
surface area of liquid in contact with air trapped in pores of rough surface, divided
by the projected area

Cassie—Baxter gain factor,

Wenzel gain factor

gravitational acceleration

hydroentangled nylon

hydroentangled nylon nonwoven fabric

multifilament (yarn)

metastable

mass

number of filament fibers in a yarn

nylon—cotton woven fabric

1H,1H,2H,2H-perfluorodecyl acrylate

poly(tetrafluoroethylene)

radius of yarn

Natick Soldier Research, Development, and Engineering Center
radio frequency

radius of wetting area measured on a surface

radius of filament fibers

radius of the wetting area on a surface (generally a predicted value)
radius of yarn

roughness; total wet area of rough surface/apparent surface area in contact with a
liquid droplet

scanning electron microscope

thermodynamic work of adhesion,

roll-off angle of a droplet on a smooth surface

contact angle hysteresis, the difference between 64 and 6r
London dispersion forces at an interface (LV, SL or SV)
intermolecular forces at the interface caused by hydrogen bonds
intermolecular forces at the interface caused by induced dipoles
surface tension at the liquid—vapor interface

intermolecular forces at the interface caused by metallic interaction
intermolecular forces at an interface caused by permanent dipoles
surface tension at the solid-liquid interface

surface tension at the solid—vapor interface

advancing contact angle
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droplet—surface contact angle

liquid contact angle on a smooth surface

receding contact angle

liquid contact angle on a rough surface (by Cassie—Baxter approach)
Cassie—Baxter contact angle on multifilament yarn

liquid contact angle on a rough surface (by Wenzel’s approach)
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